Histone deacetylases (HDACs) catalyze removal of acetyl-groups from lysine residues within nucelosomal histone tails and thousands of non-histone proteins. The 18 mammalian HDACs are grouped into four classes. Class I, II and IV HDACs employ zinc as a co-factor for catalytic activity, while class III HDACs (also known as sirtuins) require NAD+ for enzymatic function. Small molecule inhibitors of zinc-dependent HDACs are efficacious in multiple pre-clinical models of pressure overload and ischemic cardiomyopathy, reducing pathological hypertrophy and fibrosis, and improving contractile function. Emerging data have revealed numerous mechanisms by which HDAC inhibitors benefit the heart, including suppression of oxidative stress and inflammation, inhibition of MAP kinase signaling, and enhancement of cardiac protein aggregate clearance and autophagic flux. Here, we summarize recent findings with zinc-dependent HDACs and HDAC inhibitors in the heart, focusing on newly described functions for distinct HDAC isoforms (e.g. HDAC2, HDAC3 and HDAC6). Potential for pharmacological HDAC inhibition as a means of treating age-related cardiac dysfunction is also discussed.
Introduction
Acetylation of nucleosomal histone tails provides a critical mechanism for epigenetic control of gene expression. Additionally, proteomic studies have revealed that thousands of nonhistone proteins are also subject to reversible lysine acetylation [1, 2] , further highlighting the biological significance of this post-translational modification. Acetyl groups are transferred to lysine residues by histone acetyltransferases (HATs) and removed by histone deacetylases (HDACs), which are often referred to as "writers" and "erasers", respectively. Lysine acetylation also creates binding sites for bromodomain-containing "reader" proteins such as bromodomain and extraterminal (BET) proteins. Although HATs, HDACs and acetyl-lysine readers have all been shown to contribute to the pathogenesis of heart failure, this review specifically focuses on HDACs.
The 18 mammalian HDACs are encoded by distinct genes and are grouped into four classes on the basis of similarity to yeast transcriptional repressors. Class I HDACs (HDACs 1, 2, 3 and 8) are related to yeast RPD3, class II HDACs (HDACs 4, 5, 6, 9 and 10) to yeast HDA1, and class III HDACs (SirT1 -7) to yeast Sir2. Class II HDACs are further divided into two subclasses, IIa (HDACs 4, 5, 7 and 9) and IIb (HDACs 6 and 10). HDAC11 falls into a fourth class [3] . Coordination of a zinc ion in the catalytic domains of class I, II and IV HDACs is required for catalysis (Fig. 1A) . In contrast, class III HDACs (sirtuins) utilize nicotinamide adenine dinucleotide (NAD+) as a co-factor for catalytic activity. Class III HDACs are most commonly associated with aging (decreased activity and expression is thought to contribute to aging), and these HDACs clearly serve important roles in the heart. However, class III HDACs will not be discussed further in this review, since they are not inhibited by the small molecule HDAC inhibitors that were used in the pre-clinical models of heart failure described below.
HDAC inhibitors in heart failure models
Positive effects of pan-and isoform-selective HDAC inhibitors in rodent models of heart failure have been reviewed extensively [4, 5] . Importantly, HDAC inhibition is capable of regressing established cardiac hypertrophy and systolic dysfunction in mice subjected to aortic constriction [6, 7] . Recently, a major advance in the field was provided by the discovery that SAHA (vorinostat), an FDA-approved pan-HDAC inhibitor, was efficacious in a rabbit model of cardiac ischemia-reperfusion (I/R) injury [8] . Delivery of SAHA before or during reperfusion resulted in a 40% decrease in infarct size and preservation of systolic function of the heart. Efficacy of SAHA in this model appeared to be due to enhancement of autophagic flux in the infarct border zone. It is thought that autophagy serves to protect cardiomyocytes during ischemia by resupplying energy, and by destroying damaged mitochondria [9] . This proof-of-concept study in a large animal model sets the stage for a clinical trial in humans to assess effects of HDAC inhibition on pathological cardiac remodeling post-myocardial infarction. Such a trial would be the first assessment of an HDAC inhibitor for a cardiovascular indication.
It will be interesting to determine whether isoform-selective HDAC inhibitors are efficacious in the rabbit I/R model. A recent evaluation of HDAC inhibitors in an ex vivo model of rat cardiac I/R injury demonstrated that MS-275, a class I HDAC (HDAC1, -2, -3)-selective inhibitor, preserved cardiac function and reduced infarct size [10] . These results suggest that class I HDAC activity contributes to ischemic cardiac damage.
Fibrosis is a hallmark of the aging heart, and pan-HDAC inhibitors have clearly been shown to reduce excess extracellular matrix (ECM) deposition in multiple models of cardiac disease [11] . We discovered that a small molecule inhibitor of class I HDACs, MGCD0103, blocks angiotensin II-mediated cardiac fibrosis [12] . A follow-up study with the same compound showed that class I HDAC inhibition reduces cardiac fibrosis and improves ventricular function in a chronic coronary artery ligation model in rats [13] .
cell cycle by preventing retinoblastoma (Rb) phosphorylation, which is required to stimulate downstream expression of target genes that drive the G 1 -to-S transition. Specifically, class I HDAC inhibitor treatment of cardiac fibroblasts results in upregulation of expression of p15 and p57, which are endogenous suppressors of the kinases that target Rb, cyclin-dependent kinases [12] . Through this mechanism, class I HDAC inhibitors prevent expansion of the pool of ECM-producing myofibroblasts in the myocardium in response to stress. Class I HDAC inhibition is also able to block cardiac myofibroblast activation [13] , and promotes protein SUMOylation in cardiac fibroblasts [14] . Given the cardioprotection mediated by enhanced SUMOylation [15] , it is possible that some of the anti-fibrotic action of class I HDAC inhibitors is governed by this post-translational modification.
Fibrocytes are another pro-fibrotic cell type that is targeted by class I HDAC inhibitors [12, 16] . Fibrocytes are a bone marrow-derived cell population defined by co-expression of CD34 (stem cell marker), CD45 (hematopoietic cell marker), a monocyte markers (e.g., CD11), and either collagen or α-smooth muscle actin (mesenchymal markers) [17] . In response to stress, monocytic fibrocyte precursors migrate to damaged tissue and differentiate into fibrocytes, which ultimately become myofibroblasts. We found that class I HDAC inhibitors potently block fibrocyte differentiation, providing another means of reducing the number of ECM producing cells in the heart [12] . Age-related cardiac fibrosis and diastolic dysfunction coincide with accumulation of fibrocytes in ventricular interstitial space [18] . As such, chronic HDAC inhibitor treatment has the potential to reduce agedependent cardiac fibrosis.
Class I HDACs and cardiac signaling and gene expression
Class I HDACs, especially HDACs -1, -2 and -3, are thought to primarily reside in the nucleus, where they serve canonical roles in the control of gene expression through deacetylation of histone tails. These HDACs are present in large multi-protein complexes referred to as Sin3, NuRD, CoREST and NCoR/SMRT, which are recruited to gene regulatory elements by sequence-specific DNA binding transcription factors [19, 20] . In general, HDAC1 and HDAC2 are found together in Sin3, NuRD and CoREST complexes, while HDAC3 is a component of the NCoR/SMRT complex. However, it is important to emphasize that this is an oversimplification. For example, HDAC3 has also been found at the plasma membrane, where it regulates Src tyrosine kinase activity [21] , and in cardiomyocytes HDAC3 has been shown to co-localize with sarcomeres [22] .
Several studies have suggested that HDAC2 promotes cardiac hypertrophy [23] . Recently, HDAC2 was shown to be acetylated by p300/CBP-associated factor (PCAF) during cardiac hypertrophy [24] . Acetylation appears to prime HDAC2 for subsequent phosphorylation by casein kinase 2, leading to enhanced HDAC2-mediated gene repression. It is thought that HDAC2 promotes pathological growth of the heart by suppressing expression of antihypertrophic genes in cardiac myocytes (Fig. 1B) .
Cardiac-specific deletion of HDAC3 in mice results in metabolic catastrophe in the heart, with massive cardiac hypertrophy and excessive myocardial lipid accumulation due to constitutive activation of peroxisome proliferator-activated receptor (PPAR)-mediated gene expression [25] . Cardiac deletion of HDAC3 in this study was mediated by Cre recombinase that was expressed under the control of the α-MyHC promoter, which is active during embryonic development. When HDAC3 was deleted from the heart at a later time point, using an MCK-Cre transgene, adult mice did not exhibit a phenotype until fed a high fat diet, whereupon they developed severe cardiomyopathy coincident with downregulation of genes involved in lipid metabolism [26] .
In contrast to the deleterious effects of knocking out HDAC3 in the heart, knockdown of HDAC3 expression using a morpholino oligonucleotide led to reduced LV hypertrophy and fibrosis in a mouse pressure overload model [27] . When considering the different outcomes of HDAC3 knockout versus knockdown, it is important to also acknowledge that HDAC inhibitors such as SAHA and MGCD0103 potently inhibit HDAC3 catalytic activity, yet improve cardiac function (see above). The simplest interpretation of these collective findings is that HDAC3 has a non-catalytic function, presumably a scaffolding activity, which is required for cardiac homeostasis. As such, knocking out HDAC3 will exert a completely different effect on the heart than reducing HDAC3 expression or inhibiting its catalytic activity. This point was illustrated by the demonstration that HDAC3 depletion in mouse liver led to hepatosteatosis, which was rescued by catalytically inactive mutants of HDAC3 [28] . In order to advance the heart failure field, it will be essential to assess effects of newly developed HDAC3-selective inhibitors in models of pathological cardiac remodeling.
We recently described a novel function for HDAC3 in the regulation of cardiomyocyte mitogen-activated protein kinase (MAP kinase) signaling [29] . HDAC inhibitor treatment of cardiomyocytes led to reduced phosphorylation of ERK1/2 at two sites that are required for catalytic activity of the kinase. Remarkably, the upstream kinase for ERK, MEK1, remained active in the presence of HDAC inhibition. Instead, HDAC inhibitor treatment triggered a negative-feedback loop by stimulating expression of an ERK-specific phosphatase, termed dual-specificity phosphatase 5 (DUSP5). In response to hypertrophic stimuli, DUSP5 expression is downregulated through an HDAC3-dependent mechanism, and selective inhibition or knockdown of HDAC3 leads to depression of the dusp5 gene, with consequent suppression of cardiac ERK signaling (Fig. 1B) . Interestingly, DUSP5 is a nuclear phosphatase, so HDAC inhibition specifically blocks ERK signaling in the nuclear compartment of cardiomyocytes [29] . This is significant because other work has suggested that phosphorylation of nuclear ERK substrates promotes pathological hypertrophy, while ERK signaling in the cytoplasm is cardioprotective [30, 31] . HDAC inhibitors have also been shown to influence p38 MAP kinase signaling in the heart [32, 33] . HDAC inhibitors enhance cardiac p38 signaling through a mechanism involving enhanced acetylation of a lysine residue in the ATP binding pocket of the kinase [32] . In this manner, HDAC inhibitors function non-genomically to alter signal transduction in the heart.
The catalytic activity of the fourth class I HDAC, HDAC8, was shown to be elevated in the heart in a model of hypertension-induced cardiac hypertrophy [34] . However, the function of HDAC8 in the heart remains unknown. In non-cardiac cells, HDAC8 interacts with numerous nuclear proteins that control gene expression [35] , although clear demonstration of HDAC8-mediated deacetylation of histones is lacking [36] . HDAC8 can also control cytoplasmic functions. For example, HDAC8 interacts with α-smooth muscle actin and promotes smooth muscle cell contraction [37] , and HDAC8 is able to deacetylate cytoplasmic heat shock protein 20 (HSP20) [38] . The availability of HDAC8-selective inhibitors that are stable in vivo, such as ITF3056 [39] , provides an opportunity to assess the possible role of this class I HDAC in the pathogenesis of heart failure.
Class IIa HDACs and cardiac hypertrophy
Class IIa HDACs (HDACs -4, -5, -7 and -9) have several unique features [40] . First, these HDACs have long (~500 amino acid) amino-terminal extensions that harbor binding sites for transcription factors and cofactors. For example, this domain mediates binding to the myocyte enhancer factor 2 (MEF2) transcription factor, and results in suppression of MEF2 target genes that govern cardiac hypertrophy. Second, class IIa HDACs undergo signaldependent nuclear export upon phosphorylation of two serine residues within their aminoterminal extensions. Phosphorylation of these sites by kinases such as protein kinase D (PKD) or calcium/calmodulin-dependent protein kinase (CaMK) results in class IIa HDAC nuclear export, freeing MEF2 to activate pro-hypertrophic target genes.
A third unique feature of class IIa HDACs is that, despite having conserved catalytic domains, these proteins are unable to deacetylate histones; class IIa HDAC catalytic activity is only detectable using an artificial substrate [41, 42] . The search for bona fide class IIa HDAC substrates continues. However, it has been proposed that class IIa HDACs primarily regulate gene expression in a non-catalytic manner, by functioning as scaffolds. Indeed, class IIa HDAC mutants that lack catalytic activity are still able to block pro-hypertrophic MEF2 target gene expression by recruiting co-repressors such as C-terminal-binding protein (CtBP), heterochromatin protein-1 (HP1) and the SUV39H1 histone methyltransferase [40, 43] . An elegant study, performed primarily with human heart samples, showed that HDAC4 represses pro-hypertrophic gene expression by recruiting a histone methyltransferase, SUV39H1, to regulatory elements for these genes [44] . In response to hypertrophic stimuli, HDAC4:SUV39H1 complexes are exported from the nucleus, freeing MEF2 to interact with histone acetyltransferases (HATs) and thereby replace repressive methyl-histone marks with gene stimulatory acetyl-histone marks (Fig. 2) .
Class IIb HDAC6 -regulator of cardiac contraction and protein aggregation
HDAC6 is also unique because it is not an epigenetic regulator. This class IIb HDAC contains two deacetylase domains and resides primarily in the cytoplasm, where it is known to deacetylate tubulin, heat shock protein 90 (HSP90) and the F-actin binding protein, cortactin [45] (Fig. 2) . The function of HDAC6 in the heart has only recently been studied. Using cell-based assays, a dog pacing model, and human atrial tissue, Brundel and colleagues provided compelling evidence that HDAC6 contributes to structural and functional remodeling of atrial myocytes, thereby promoting atrial fibrillation progression [46] . We found that HDAC6 catalytic activity is elevated in multiple models of cardiac hypertrophy [47] , suggesting a possible role for this HDAC isoform in the control of pathological ventricular remodeling. Indeed, subsequent studies with HDAC6 null mice and wild-type mice treated with a highly selective HDAC6 inhibitor, tubastatin A [48] , revealed that HDAC6 contributes to systolic LV dysfunction in response to pressure overload or chronic angiotensin II signaling [49] . Interestingly, however, HDAC6 deletion does not block cardiac hypertrophy or fibrosis. Instead, in the absence of HDAC6, isolated cardiac myofibrils are able to produce more force. We have found that HDAC6 co-localizes with cardiac contractile machinery [49] , and speculate that deacetylation of sarcomeric proteins by this HDAC isoform impairs systolic function of the heart. HDAC6 inhibition was recently shown to be protective in a model of desmin-related cardiomyopathy in mice [50] . Expression of a mutant form of αB-crystallin in mouse heart causes accumulation of toxic, misfolded protein aggregates (aggresomes), which leads to heart failure. HDAC6 inhibition was found to reduce aggresome formation in cultured cardiomyocytes, and SAHA administration reduced cardiac aggregates and improved ventricular function in mutant αB-crystallin mice. Interestingly, the reduction in cardiac protein aggregates upon HDAC6 inhibition was associated with elevated autophagic flux. These data suggest that selective inhibition of HDAC6 has potential for the treatment of cardiac proteinopathies. Given the diminished capacity of the aged heart to remove protein aggregates via autophagy [51] , it is intriguing to speculate that HDAC6-selective inhibitors will improve cardiac function in the elderly population.
The other class IIb HDAC, HDAC10, as well as the lone class IV HDAC, HDAC11, remain poorly characterized, in part due to the inability to effectively monitor their catalytic activity using in vitro assays [52] . HDAC10 is most closely related to HDAC6, and we have found knockdown of HDAC10 in cardiomyocytes leads to upregulation of HDAC6, and vice versa [47] . Thus, it is possible that these class IIb HDACs have redundant functions in the heart.
Cardiac aging and diastolic dysfunction
Heart failure is typically classified as either systolic, in which there is reduced ventricular pump function, or diastolic, which is characterized by impaired cardiac relaxation and abnormal ventricular filling. Cardiac aging is commonly associated with diastolic heart failure, which is also referred to as heart failure with preserved ejection fraction (HFpEF) [53] . Approximately half of the 5 million heart failure patients in the United States have been diagnosed with HFpEF, and more than 90% of HFpEF patients are over the age of 60 at the time of diagnosis [54, 55] . Large clinical trials using standard-of-care systolic heart failure medications have failed to demonstrate efficacy in patients with HFpEF [56] [57] [58] [59] , highlighting the need to better understand the molecular basis of HFpEF so that novel therapeutic interventions can be developed.
HFpEF is characterized by increased LV filling pressure, increased LV stiffness, and prolonged relaxation in the presence of normal systolic function. Reduced compliance of the LV in the setting of HFpEF is commonly attributed to cardiac fibrosis and hypertrophy, as well as altered calcium handling and elevated resting tension of myofibrils. Nothing is known about the roles of HDACs in the pathogenesis of HFpEF. However, given the ability of HDAC inhibitors to attenuate cardiac hypertrophy and fibrosis, and alter pathological signaling in cardiac myocytes, HDAC inhibition has potential to improve diastolic function of the heart (Fig. 3). 
Oxidative stress, cardiac aging, and HDACs
Elevated levels of reactive oxygen species (ROS) are present in aged hearts, which may contribute to insidious inflammation in the myocardium [60] [61] [62] [63] . HDAC inhibitors have both anti-oxidant and anti-inflammatory properties [64] , further suggesting that this compound class has potential for the treatment of age-related cardiomyopathy. Treatment of spontaneously hypertensive (SHR) rats for 20 weeks with valproic acid (VPA) [65] , a weak albeit selective inhibitor of class I HDACs [66] , attenuated cardiac hypertrophy and fibrosis, which was associated with reduced levels of ROS and pro-inflammatory cytokines in ventricular tissue. VPA-mediated lowering of ROS in SHR hearts appeared to be due to diminished expression of gp91phox, a component of the superoxide-generating NADPH oxidase complex, which plays a critical role in age-associated cardiac remodeling [67] . In the rat cardiac I/R injury described above, it was found that cardioprotection mediated by the class I HDAC inhibitor, MS-275, was associated with increased expression of the free radical scavengers mitochondrial superoxide dismutase (SOD2) and catalase in the heart [10] . Importantly, myocardial SOD levels have been shown to be reduced with aging, which contributes to decreased protection against oxidative stress in aged hearts [68] . Furthermore, overexpression of mitochondria-targeted catalase in C57BL/6 mice prevents age-related diastolic dysfunction and associated cardiac hypertrophy and fibrosis [69, 70] . The impact of chronic class I HDAC inhibition on SOD and catalase expression in the heart has yet to be assessed.
Class II HDACs also likely play crucial roles in the control of cardiac redox control. For example, peroxiredoxin (Prx) I and Prx II, which are endogenous antioxidant enzymes, are negatively regulated by HDAC6 [71] . Prx proteins are direct substrates of HDAC6, and inhibition of HDAC6 leads to accumulation of acetylated Prx, which has increased reducing activity and is resistant to superoxidation. HDAC6 is also directly involved in inflammatory signaling. HDAC6 inhibition in macrophages amplifies p38 kinase signaling, leading to enhanced expression of the anti-inflammatory cytokine IL-10 [72] . In addition, HDAC6 inhibition enhances the anti-inflammatory action of regulatory T cells (Tregs), which are a major source of IL-10 [73] . The anti-oxidant and anti-inflammatory action of HDAC6 inhibitors provides further impetus for testing compounds that target this cytoplasmic deacetylase for efficacy in the setting of age-dependent cardiomyopathy.
On-target versus off-target actions of HDAC inhibitors
Studies with pharmacological inhibitors are often complemented with genetic loss-offunction to address whether a given action of a compound is due to on-target or off-target action. However, as discussed above using HDAC3 as an example, HDAC knockout/ knockdown does not always recapitulate effects of HDAC inhibitors, presumably due to non-catalytic functions of HDACs. An alternative approach to address on/off-target effects of HDAC inhibitors is to employ multiple, structurally distinct compounds, since it is highly unlikely that all of the compounds will bind to a common off-target effector. In heart failure models, HDAC inhibitors from four broad chemical classes are efficacious: short chain fatty acids (e.g., valproic acid), hydroxamic acids (e.g., SAHA), aminobenzamides (e.g., MGCD0103), and cyclic peptides (e.g., apicidin) [74] . As such, it is likely that the beneficial effects of HDAC inhibitors in the heart are due to HDAC inhibition as opposed to off-target action.
Conclusions and next steps
Much of this review is framed in the context of HFpEF, which is a common outcome of aging, yet nothing is known about the roles of non-sirtuin HDACs in the control of diastolic heart failure. Rodent hearts develop many of the sequelae associated with aging in humans [75] . Experiments need to be performed to assess whether pan-and/or isoform-selective HDAC inhibitors alter the course of cardiac aging in mice and rats. For these studies it will be essential to formulate the inhibitors in chow or drinking water, and to longitudinally assess cardiac structure and function using echocardiography. The discovery of diverse and highly isoform-selective HDAC inhibitors provides an unprecedented opportunity to use these 'chemical biological' probes to dissect the roles of distinct HDAC isoforms in the pathogenesis of various diseases, including HFpEF [76] . These pharmacology studies should be complemented with assessment of mice in which genes for specific HDAC isoforms have been deleted. Given the points listed above, evaluation of age-dependent cardiac remodeling in HDAC6 null mice should be particularly enlightening. However, it is important to emphasize that knocking out an HDAC is not the same as inhibiting its activity, as illustrated by the work on HDAC3 [28] .
It will also be important to assess effects of inhibitors of zinc-dependent HDACs in other models of diastolic dysfunction, such as those in which the pathogenic stimulus is hypertension or diabetes. We have begun a preliminary investigation of pan-HDAC inhibition in a rat model of hypertension-induced diastolic dysfunction with preserved ejection fraction. Our initial findings indicate that HDAC inhibitors have remarkable ability to improve cardiac relaxation in male rats independently of effects on blood pressure. Future studies will need to address the mechanism(s) by which HDAC inhibitors alter disease progression in this model. Additionally, experiments will eventually need to be extended to female rodents, since HFpEF is more prevalent in women than men [55] . Pertaining to this point, 17-β-estradiol and estrogen receptor β agonists were shown to have a general suppressive effect on pro-hypertrophic HDACs in cardiomyocytes [77] , suggesting the possibility that cardiac HDAC activity is augmented in post-menopausal women.
The therapeutic benefit of any pharmacological agent must be judiciously evaluated against the possible risk of toxicity, particularly for emerging classes of compounds such as HDAC inhibitors. In the context of cancer, HDAC inhibitors are generally well tolerated, with fatigue and thrombocytopenia being the most commonly reported dose-limiting toxicities [78] . We have found that HDAC inhibition improves diastolic cardiac function in rats at concentrations far below those that cause hematological toxicity. These findings suggest that it will be possible to establish a dosing regimen with HDAC inhibitors that provides a sufficient therapeutic index for the treatment of cardiac disease.
We discussed the involvement of zinc-dependent HDACs in cardiac hypertrophy, fibrosis, oxidative stress and inflammation. A multitude of additional processes contribute to agerelated cardiac dysfunction, including titin-mediated cardiomyocyte stiffness [79] , altered calcium reuptake into the sarcoplasmic reticulum by SERCA2a [80] , as well as metabolic deficiencies in the cardiomyocyte due to impaired mitochondrial biogenesis and function [75] . Effects of HDAC inhibitors on these other pathogenic mechanisms have not been evaluated to date. Thus, despite the fact that investigative efforts into the roles of HDACs in the heart have been ongoing for over a decade, there is still a tremendous amount to be learned, especially regarding HDAC function in the context of aging and HFpEF. With the availability of novel chemical probes to target zinc-dependent HDACs, as well as technological advancements for genetic manipulation, progress in this field promises to be rapidly forthcoming, and has great potential to translate into innovative therapies for the treatment of our rapidly aging population. In response to hypertrophic stimuli, HDAC2 is acetylated by p300/CBP-associated factor (PCAF), which primes the protein for phosphorylation by casein kinase 2 (CK2). Acetylated and phosphorylated HDAC2 is more active, and thus has increased capacity to repress antihypertrophic gene expression. Hypertrophic signals also lead to HDAC3-mediated repression of the gene encoding dual-specificity phosphatase 5 (DUSP5). In HDAC inhibitor-treated cardiomyocytes, DUSP5 expression increases, creating a negative feedback loop that blocks pro-hypertrophic ERK signaling in the nucleus. Class IIb HDAC6 contains tandem deacetylase domains, a cytoplasmic anchor and a ubiquitin binding motif. Roles of HDAC6 in cardiac disease have only recently been described, and include impairment of contractile function, promotion of protein aggregate formation, and atrial myocyte remodeling and atrial fibrillation propagation. Class IIa HDAC4 represses pro-hypertrophic gene expression in the heart by promoting formation of repressive methylation marks on histone H3 lysine-9 (H3K9). HDAC4 is recruited to prohypertrophic genes through association with the DNA binding transcription factor myocyte enhancer factor 2 (MEF2). This complex also contains the methyl-histone binding protein HP1 and the histone methyltransferase SUV39H1. In response to hypertrophic stimuli, HDAC4 is exported from the nucleus, freeing MEF2 to interact with histone acetyltransferases (HATs) and stimulate pro-hypertrophic gene expression. 
